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A M E T H O D  O F  D E T E R M I N I N G  T H E  P E R F O R M A N C E  

O F  L O W - D E N S I T Y  G A S D Y N A M I C  T U B E S  

S.  N.  A b r o s i m o v  a n d  B .  F .  S h c h e r b a k o v  UDC 629.7.018 : 533.6.071 

The p a r a m e t e r  desc r ib ing  the eff ic iency of a gas -pumping  s y s t e m  is the ra te  or  pumping speed.  In 
c o n t e m p o r a r y  vacuum pumps  this p a r a m e t e r  can have quite high values,  e.g.,  v a p o r - j e t  pumps  having pump~- 
ing speed ~15,000 l i t e r / s e c  and higher  at p r e s s u r e s  of 10-3-10 -4 t o r r  [1, 2], while c ryogenic  pumps  have 
values of 106-108 l i t e r / s e c  at the s a m e  p r e s s u r e s  [3-5]. With these  p a r a m e t e r s  the gas - f low ra te  pe r  second 
under  s teady conditions can  be as high as tens of g r a m s .  To de te rmine  the p e r f o r m a n c e  of gas -pumping  s y s -  
t ems  one usually mus t  m e a s u r e  a cons ide rab le  number  of p a r a m e t e r s .  Here  we p ropose  a method of d e t e r -  
mining the p e r f o r m a n c  e f r o m  the g e o m e t r i c a l  d imensions  of the jet  flow, based on the fact  that  the gas- f low 
ra t e s  through the nozzle and through the pumping s y s t e m  a r e  equal.  The gas- f low ra te  through a nozzle can 
be wr i t t en  in the f o r m  

Gc = ~A(k)F.po/(RTo)  ~ (1) 

where /z  is the m a s s - f l o w  coeff ic ient  (in many  ca se s  we can  a s s u m e  this to be 1 for  s implici ty) ;  A (k)=[2/  
(k +l ) ] l / (k-1)[2gk/(k  +1)] ~ is the d i scharge  coefficient;  k =Cp /Cv i s  the spec i f i c -hea t  ra t io;  F ,  is the, nozzle 
th roa t  a rea ;  P0 and T o a r e  the s tagnat ion p r e s s u r e  and t e m p e r a t u r e ,  respec t ive ly ;  and R is the gas  constant .  

The gas  flow ra te  through a pumping s y s t e m  can  be e x p r e s s e d  in the f o r m  

Cpurnp ~ S~tp~/Pv, (2) 

where  S is the eff iciency;  y is the specif ic  weight; p~ is the p r e s s u r e  in the working volume,  c rea ted  by the 
pumping sys t em;  and p~/is the p r e s s u r e  at  which the speci f ic  weight is de te rmined .  

Then, f r o m  equality of Eqs.  (1) and (2), we obtain the exp re s s ion  
A (k) z~r2pop? 

s = (3) (RTo) 0"5 ~p~' 

which is a s t a r t ing  point for  de te rmin ing  the p e r f o r m a n c e  of the pumping s y s t e m .  It is known [6-8] that  the 
g e o m e t r i c  d imens ions  both longitudinal and t r a n s v e r s e ,  of je ts  d ischarging into a r a r e f i ed  volume,  depend on 
the deg ree  of expans ion  of the gas  flow P0/P~. The quantity that  can  be m o s t  conveniently m e a s u r e d  is the 
dis tance along the jet  axis  f r o m  the nozzle  th roa t  to the point of m in imum total  p r e s s u r e ,  cor responding  to 
the pos i t ion  of the Mach disk.  The m e a s u r e m e n t  is c a r r i e d  out by a very  s imple  total  p r e s s u r e  sensor ,  for  
which the m e a s u r e m e n t  technique is well  developed.  It is a l so  poss ib le  to de te rmine  the posi t ion of the Mach 
disk by some  other  method (e.g., by visual iz ing "cold" jet  flows by the "glow d ischarge  w or  the e l e c t r o n - b e a m  
method,  and a lso  to r eco rd  p a r a m e t e r s  such as  the density or  the stat ic  p r e s s u r e ) .  

For  a wide range  of expansion of the gas  flow (Fig. 1, solid line), the dis tance f r o m  the Mach disk x m at 
Knudsen Kno,d, (po/p~)O.5 < 2 - 1 0  - 3  is x m = 1.35 (po/p.o)~ 5 r , .  

Leningrad .  T rans l a t ed  f r o m  Zhurnal  Pr ikladnoi  Mekhaniki i Tekhnicheskoi  Fiziki,  No. 6, pp. 28-31, 
N o v e m b e r - D e c e m b e r  1977. Original  a r t i c l e  submit ted  October  20, 1976. 
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Then Eq. (3) can be reduced to the very  simple form 

S ----- az2m, (4) 

where a = 1.72A (k)py/(RT0)~ 

The values of the coefficients a =f(T 0) a re  shown in Fig. 2 for  various gases~ 

In o rde r  to give the efficiency S in Eq. (4) inthe dimensions l i t e r / see ,  the distance to the Mach disk x m 
must  be measured  in cen t imete rs .  By using the graph obtained and Eq. (4) we can easi ly determine the p e r -  
formance of the pumping sys tem of a mass - f low facili ty with an accuracy  sufficient for  engineering purposes .  

The resul ts  of the calculat ions have been verified experimental ly  in a low-density gasdynamic tube 
having a vacuum chamber  of volume ~3 m 3 and a ra ther  high-power pumping sys tem.  It cons i s t edof twotype  
VN-6G fo re -vacuum mechanical  pumps,  a type  BN-15,000 vapor - je t  boos ter  pump, and three cryogenic  panels of 
total  a rea  ~30 m 2, located in the vacuum chamber .  The cryopanels  were  cooled to a t empera tu re  of 77~ 
using liquid nitrogen.  

The working substance was discharged into the vacuum chamber  f rom a heated r e s e r v o i r  (e lect rother-  
mal  o r  ohmic heater) through sonic and supersonic  nozzles of different s izes .  The working substances used 
were  the gases  nitrogen, argon, carbon dioxide, and propane,  and also a mixture  of gases  formed by burning 
propane in a i r .  The stagnation p r e s s u r e  was var ied f rom 100 t o r t  to 3.5 k g / c m  2 a t  stagnation t empera tu res  
f rom 300 to 1500~K. For  the typical  p a r a m e t e r s  quoted the degree of g a s - s t r e a m  expansion P0/P~ = 1 �9 104- 
2.5 �9 107, and the m a s s - f l o w r a t e  was 0.15-5.0 g / s e e .  The flow rate  through the nozzle was measured  using 
types RS-3 and RS-5 ro tamete r s ,  cal ibrated with a type GSB-400 gas counter .  The gas-f low ra te  into the 
vacuum chamber  was 0.05 g / see ,  due to imperfect  sealing. Figure 3 shows a compar i son  of the per formance  
of the low-densi ty  gasdynamlc tube with calculat ion under various conditions. Most of the resul ts  were  ob- 
tained with pumping ra tes  below 15,000 l i t e r / s ee ,  when the above-mentioned gases ,  except for CO 2 and C3H8, 
did not f r eeze  out on the c ryosu r f aces  at l iqu id-n i t rogentempera ture ,  but were  pumped using the vapor- je t  
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and mechanica l  pumps .  The p e r f o r m a n c e  of the faci l i ty  above 15,000 l i t e r / s e c  was ver i f ied  using CO 2 and 
C3H8~ Figure  3 shows good a g r e e m e n t  between the calculated and exper imenta l  values of p e r f o r m a n c e  a l -  
though the new method is only an e s t ima te  and does not c l a im  high accu racy .  

The e r r o r  of the method is de te rmined  by the c h a r a c t e r i s t i c s  of the measu r ing  s y s t e m s  used to d e t e r -  
mine  the pos i t ion  of the closing shock of the jet  flow and a lso  by a number  of f ea tu res  of jet  f lows  obtained 
in this kind of faci l i ty .  These  fea tu res  include poss ib le  condensat ion of the working subs tances ,  which leads 
to the closing shock being displaced toward the nozzle exit (in the p r e sen t  invest igat ion condensat ion was e l im-  
inated by heating the working subs tances) ,  and ra refac t ion ,  which causes  the closing shock to undergo t r a n s i -  
t ion f r o m  a Mach conf igurat ion to an X shape and t h e r e f o r e  to an  inc rease  in the r e su l t s  obtained for  Kn0,d," 

�9 (p0/poo) 0-5 < 2 �9 10 -3. 

The method has l imi ta t ions  de te rmined  by the s ize  of the working volume of the gasdynamic  facil i ty,  on 
the one hand, and on the o ther  hand, by additions co r respond ing  to flow t rans i t ion  f r o m  continuum to f r e e -  
molecu la r ,  when the wave s t ruc tu re  of the jet  flow becomes  s m e a r e d .  

It should be noted that  the method descr ibed  can be espec ia l ly  useful in de termining  the p e r f o r m a n c e  of 
c ryopumps  and c r y o t r a p s ,  but has an upper  l imi t  in its applicat ion,  due to in te rac t ion  of the jet  flow with the 
v a c u u m - c h a m b e r  su r f aces .  
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